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Abstract - This paper presents a database ATP (Alternative Transient Program) simulated 
waveforms for shunt reactor switching cases with vacuum breakers in motor circuits 
following interruption of the starting current. The targeted objective is to provide multiple 
reignition simulated data for diagnostic and prognostic algorithms development, but also to 
help ATP users with practical study cases and component data compilation for shunt reactor 
switching. This method can be easily applied with different data for the different dielectric 
curves of circuit-breakers and networks. This paper presents design details, discusses some of 
the available cases and the advantages of such simulated data. 
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1      Introduction 
 
High voltage motors are exposed to transient overvoltages during switching operations by 
vacuum breakers in power distribution system, which lead to dielectric failures [1] due to 
multiple reignition.  The vacuum breakers are inclined to interrupt small inductive currents 
not in the natural current zero but rather to chop off the current. This current chopping causes 
a large time derivative of the current and because of this inductive circuit, it appears that high 
overvoltages occur. The level of the overvoltages depends on the parameters such as the 
elements of the electric circuit, the type of the inductive load and the characteristic of the 
circuit breaker. The results show that the variation in these parameters can produce significant 
differences in overvoltages magnitude for system switching transients [2] for the failure of 
motor insulation due to uneven voltage distribution in the motor winding or could lead to 
vacuum breaker failure. The simulation and results with these restriking features are 
generated to produce simulated data for diagnostic and prognostic algorithms development.  
This offers opportunities for condition monitoring of system transients, extending vacuum 
breaker life, identifying impending failures, and identifying maintenance requirements as 
needed. Cost savings through deferred maintenance and can reduce costly unplanned outages 
by identifying impending failures before they occur. 
 
The main difficulty to develop the database ATP simulated waveforms was the lack of certain 
important parameters of the elements of the system model and the valid model of the 
termination impedance presented by induction motor for an accurate overvoltage analysis.  
This paper reports the simulated transient waveforms following interruption of the starting 
current. The  advantages of such simulated data that they have been carried out using 
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equivalent circuits which simulate various components of the system, using the EMTDC 
(Electromagnetic Transient Simulation) program, and the IEC model of standard test circuit 
[3]. This also has been investigated for validity by performing laboratory tests for a relatively 
severe case. The research project aims to demonstrate how waveform features can estimate 
remaining life in motor insulation and vacuum breaker by evaluating the risk of damage due 
to overvoltages arising from multiple reignition and surge impedance. 
 
In this paper, a database of ATP simulated waveforms of shunt reactor switching cases with 
vacuum breakers on motor circuit and the restriking features of the waveforms, are presented 
to compare  a new detection measurement technique for a single-phase restrike switching 
using a vacuum breaker at Ergon Laboratory. 
 
 
 
2       Motor Circuit for Overvoltage Calculation 
 
 
Figure 1 Three-phase equivalent circuit of cable connected motor system AS/ IEC 62271-110 circuit[2] 
Figure 1 represents the structure of a relatively severe case with respect to overvoltages and 
will cover the majority of service applications.  Values of circuit parameters are shown in 
Table 1 [2].  
 
 
Table 1: Parameters of 6.6 kV motor circuits [2] 
 
 
 
As shown in the above table four load circuits are simulated, two for 100 A (at natural 
frequencies of 10 kHz and 15 kHz) and two for 300 A. The parameters of R, L, Rp, and Cp for 
different load conditions are simulated.  
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 Modeling of the Stochastic Vacuum Breaker  
 
 
Figure 2 Signals between MODELS and ATP[4] 
 
A stochastic breaker model is based on a range of  credible parameters including the 
statistical overvoltage studies as stated in Ref.[1]. A simple switch model (type 13) is used, 
which is controlled by means of a logic imposed in MODELS, simulating the multiple 
reignitions with the following values for ATP database simulated waveforms: 
 Slope of recovery strength = 20 to 30 kV/ms 
 Speed of contacts = 1 to  5m/s 
 Gap distance = 3 to 5mm 
 Chopping current = 1 to 5A 
 Quenching capability = 60 to 100A/ µs 
 Phase angle displacement = 0° to 359° with 1° interval  
 
These values were taken from [4]. 
 
With the help of a random generator in ATP, numbers in the interval [0 to 1] were defined.  
With random numbers the value of the desired standard-deviation of the inverse error 
function(inverf(x))[5], [6]  the chopping current and reignition are  calculated taking 
statistical scatter into consideration. This models stochastic behaviour of the dielectric 
breakdown. The feeding the models a realistic string of simulated data lead us to have a 
reasonable confidence that the real-world will have a similar behaviour to the real-world input 
data. This is only if the presumed independence and Gaussian assumptions are true. 
 
3      Framework of the Simulation 
 
Transient Recovery Voltage (TRV) is the voltage across the opening contacts of an opening 
circuit breaker immediately after the arc is extinguished. The actual shape of the transient is 
determined by the connected lumped and distributed inductive and capacitive parameters 
defined by the equipment connected.  For successful interruption, the breakdown voltage of 
the interruption medium must always exceed the recovery voltage. If the TRV peak value is 
above the breaker rating, the increasing TRV across the gap will restrike the arc and break 
down the interruption medium. Checking the dielectric condition and the wear of the arcing 
contacts will give important information regarding the dielectric withstand of the circuit 
breaker. 
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 The probability of occurrence of reignitions is related to the slope of the recovery voltage 
strength between contacts and with the TRV.   
 
 
Figure 3 Slope of recovery dielectric strength and TRV between arcing contacts [4] 
 
Figure 3 show an example where the reignition will occur if the arc time, i.e. the time 
between mechanical separations of the contacts and the instant of current chopping, is less 
than 0.8 ms approximately.  It also shows the slope of the recovery voltage strength 
considered in this simulation and the TRV between contacts of the vacuum breaker when the 
starting current of the motor is interrupted, obtained with the assumed values of the dielectric 
parameters and the digital model.  
 
The overall framework of the developed software simulation package is an interactive 
structure by using MATLAB and ATP as shown on Figure 4.  
 
 
 
Figure 4 Diagnostic and Prognostic Algorithm Framework 
 
MATLAB is a widely used general purpose modeling and simulation tool and ATP is a free 
version of Electromagnetic Transient Program (EMTP). The existing ATP software does not 
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have the capability to automatically generate the scenarios in a batch. That is very 
inconvenient in studies that require simulation of thousands of scenarios to be carried out. 
MATLAB is a powerful programming and simulation software system. It can be used to 
implement flexible control of the ATP simulation and interface used to produce simulated 
waveform data.  
 
The entire software consists of two parts:  simulation  of motor circuits and database 
production. In the part devoted to simulate of motor circuits, the motor circuit is built in 
ATPdraw as shown on the following Figure 5.  
 
  
Figure 5 ATPDraw for the motor circuit 
A template .atp file without any events is then generated as shown on the Figure 6.  
 
 
Figure 6 Component in the ATP file 
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The system components and their parameters are set in MATLAB.  The user defines motor 
scenarios through the interface in MATLAB. For each scenario, the MATLAB program will 
load the template .atp file and create a temporary file by modifying the settings of the 
template . atp file. After ATP is executed, the transient waveforms for each scenario are then 
produced for simulated database development. 
 
When applied for different motor circuits, the software only needs to rebuild the ATP 
template and update the system configuration settings in MATLAB. The other parts need not 
be changed. The steps are: 
1. General Settings. Supply data, motor circuits, and parameters. 
2. Data Input. Load the source data file, which is generated by simulation of the power 
systems, into MATLAB program. 
3. Data Extraction. According to the requirement of the algorithm, extract the useful data 
from the source data file for ATP database simulated waveforms. 
 
 
 
4       Simulation and Results 
 
Based on heuristics gained through long years of experience and practice, the restrikes can be 
measured from the phase-to-ground voltages on both sides of a circuit breaker against time. 
The measure is to determine the peak voltage buildup from the restrikes and to identify which 
pole is restriking from these motor starting operation. Other restriking features are power 
spectral density (PSD) the numbers of the restriking (NOR) pulses and the retriking time 
duration (RTD) of the pulses. PSD is used for the fixed frequency 10 kHz and15kHz and the 
time duration of the impulse magnitude for the motor circuits.  From this practice each phase 
overvoltage magnitude and the restriking features from different modes of reignition 
waveforms were obtained with ATP and MATLAB program computation, including virtual 
chopping and voltage escalation as follows: 
 
Table 2: Peak voltage buildup for detecting restrikes  
Simulation 
condition 
Frequency 
of high 
frequency 
current 
(kHz) 
Time (ms) to 
reach peak 
voltage A, B 
and C 
Peak voltage 
buildup- phase 
A, B and C to 
ground 
(kV) 
11A 10 21, 18, 24 9.5, 9.8, 9.0 
12A 15 21, 18, 24 8.7, 10,  6.5 
21A 10 21, 18, 24 9, 10, 6.3 
22A 15 21, 18, 24 10, 8.2, 6.2 
11B 10 21, 18, 24 9.0, 10.0, 8.0 
12B 15 21, 18, 24 11.3, 10.0,  8.0 
21B 10 21, 18, 24 9.3, 9.5, 9.0 
22B 15 21, 18, 24 10.9, 8.9, 8.9 
 
ATP Computation was carried out as follows: 
1) Reignition at the crest value of TRV, or reignition was  simulated. 
2) The high frequency reignition current is greatly affected by the capacitance of device 
coupled to the power supply side of the circuit breaker for switching the motor as shown 
in Table 2 for Supply Circuits A & B. Thus, their values were varied in computation. 
3)  The level of surge voltage to ground was also computed to identify the occurrence of 
restrikes. 
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Table 3: Power Spectral Density indicating the wear 
Simulation 
with  Peak 
Phases A, B 
and C  
Voltage  (kV) 
NOR 
(Nos.) 
for  
Phases 
A, B, C 
RTD 
 (ms) for  
Phases A, 
B, C 
Average Power 
Spectral  Density 
(PSD) via Welch 
x107 for  Phases 
Current A, B, C 
9, 10, 6.3 5, 3, 3 0.019, 
0.015, 
0.015 
2.3193,  
2.1994,  
2.1994 
10, 8.2, 6.2 3, 0, 26 0.016, 
0, 
0.0021 
1.636,    
2.3944,  
1.0911 
10.3, 9.4, 8.5 9, 8, 6 0.0023, 
0.0019, 
0.0035 
2.6767,  
2.0033,  
1.603 
9.4, 8.9, 6.4 3, 4, 8 0.0017, 
0.0026, 
0.0035 
2.1253,  
1.8041,  
1.1019 
9, 10, 8 3, 4, 6 0.0016, 
0.00073, 
0.0032, 
1.9886,  
2.3878,  
1.4437 
11.3, 10, 8 4, 2, 6 0.004, 
0.00014, 
0.00032 
3.5773,  
2.4374,  
1.4298 
9.3, 9.5, 9.0 6, 4, 7 0.0024, 
0.0018, 
0.0037 
2.2329,  
2.1098,  
1.8368 
10.9, 8.9, 8.9 4, 7, 10 0.0020, 
0.0022, 
0.0036 
2.0934,  
1.797, 
1.758 
For surge voltages upon current chopping, the results in Table 3 show the relative PDF 
increase indicating a maximum high-frequency surge voltages of around 11.3kV. This will 
threaten the insulation of the circuit breaker and the motor. 
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Figure 7 Three-phase voltage  waveform across the vacuum breaker contacts 
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Figure 8 Three-phase high frequency current waveform across the vacuum breaker 
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Figure 9 Three-phase over-voltage across the motor 
 
As it is very difficult to record such as multiple re-ignition of the high frequency waveform 
across the vacuum breaker and the motor terminal, ATP was used to simulate the multiple re-
ignition. In the common case, when a motor is operated directly by the vacuum breaker, the 
occurrence of multiple reignitions when breaking the starting current can produce high 
frequency overvoltages, that stress the inter turn insulation of the motor as shown on Figure 9. 
Note that the model does not correctly describe the motor flux decay so postbreak voltages 
will not be fully correct. 
 
In order to compare the ATP computation on restriking waveform features against the 
waveform features obtained from another new restrike detection technique, measurement was 
carried out using both the broadband active antenna and capacitive coupling passive antenna 
at Ergon, Virginia. Measurement was done using 2 oscilloscope hence there are 2 type of data 
i.e. Captured waveforms from 1st scope (Agilent 54624) and binary data from 2nd scope 
(Yokogawa DL9240). The captured waveforms are in .bmp format and they consist of passive 
antenna and active waveforms, supply side voltage and load side voltage. 
 
The recorded waveforms are as follows: 
Background : 
Switching tests on reactor circuit at Ergon Laboratory. 
Agilent Oscilloscope 
CH1 – Passive/Active  Antenna  CH2 – Supply Side Voltage  CH3 – Load side Voltage 
 CH4 – HF Earth current 
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1 – Without capacitor installed at the load side to reduce oscillation on supply side. 
Opening at 3kV – Print 00,01 
 
Figure 9 Different voltage waveforms measured for CH1-Active/Passive Antenna, CH2-Supply voltage 
and 
CH3-Reactor voltage 
 
 
 
 
Figure 10 Restriking current in line with the restriking voltage 
 
Restrikes measured by CH1, CH2 and CH3 are similar in frequency and pattern but with 
variation in terms of magnitude. The restrikes measured results for Figure 9 & 10 are similar 
to Figure 7 & Figure 8. Both voltage and current waveform are matched for both laboratory 
measurement and ATP simulation. For more clear relations identified between the voltages 
measured and the ATP calculations, faster sweep speeds instruments are required to record 
the high-frequency results. Analysis of high frequency detected by the active antenna on 
opening can validate the power supply angle for number of restrikes and the restriking time 
duration against the average power spectral density via Welch coefficient for the wear of the 
circuit breaker. 
 
Whenever a switching operation is determined to be abnormal such as slow opening of a 
vacuum circuit breaker, over-voltages waveforms are obtained with ATP suitable for 
engineering analysis. As necessarily being best diagnosed by a signal processing technique 
with MATLAB program computation. A set of feature vectors including numbers of restrikes 
(NOR) as shown on Figure 11, restriking time duration (RTD) as shown on Figure 12, power 
spectral density (PSD) via Welch coefficient of the impulse magnitude as shown on Figure 13 
(which characterize the deterioration of a circuit breaker). More accurate results were shown 
for taking into the consideration of different power supply angle for the PSD. Examples of the 
results are  as follows:  
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Figure 11 The number of restrikes with  faster sweep speeds instruments to identify the restrikes 
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Figure 12 Restriking time duration with faster sweep speeds instruments to identify the rsetrikes 
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Figure 13 Power Spectral Density with faster sweep speeds instruments to determine the deterioration 
 
One approach to determining remaining life is to compare PSD that indicate deterioration. 
Remaining life is estimated by comparing the worst case stressed on the circuit breakers with 
AS/IEC 62271-110 circuit. Cumulative data includes averages and extreme values from 
simulated data against actual insulation and the number of start and stop operations. The 
database is used to determine the statistical significance of any changes in dielectric stress, 
expressed in terms of percent remaining life the average number of the switching operation 
over time. The electric wear is expressed as percent of life times 100. For example, current 
operation resulting in 1% loss of life would be recorded as 1. If a trend is evident, accurate 
prediction is proposed for further work on the statistical analysis with an expert system or 
neural network for decision making procedures. If no trend is evident, it is necessary to 
establish an acceptable bound or a baseline target on the basis on the latest simulated data 
against the actual insulation deterioration.   
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5      Conclusions and Future Work 
 
A database ATP simulated waveforms with restriking features of shunt reactor switching 
cases using vacuum breakers on motor circuits were obtained with AS/IEC 62271.110 as 
suggested by IEC (International Electrotechnical Commission).   The restriking features are 
identified by ATP computation on peak voltage buildup and the PSD signal processing 
technique with MATLAB program.  The features are identified by number of restrikes, the 
restriking time duration and average power spectral density  via Welch on the impulse 
magnitude, taking into the consideration of different power supply angle. These are especially 
useful in the database development where the worst case scenarios are calculated for the 
remaining life estimate.   
 
An ATP MATLAB software simulation framework has developed to produce database 
simulated data. Thousands of scenarios can be simulated at one time. The structure of the 
software benefits from both programming flexibility of MATLAB and simulation efficiency 
of ATP. Both the restriking voltage and current waveform were matched for both the 
laboratory measurement and the ATP simulation. The results can be further validated with 
faster sweep speeds instruments in a laboratory measurement. The sensitivity analysis has 
been included for the restrking features due to the variations in the power supply angle. This 
will be used for later diagnostic and prognostic algorithms development with the expert 
system or neural network for recognition results. A real case study of the statistical 
overvoltages and risk-of-failure resulting from switching of an induction motor by a vacuum 
breaker is proposed to validate the developed diagnostic and prognostic algorithms. 
 
Acknowledgement 
 
The authors wish to express sincere gratitude to Dr. David Birthwhistle, Dr. Tee Tang and 
Mr. M.S. Ramli that their research results on detecting restrikes measurement using antennas 
in Ergon Laboratory are agreed to compare with the ATP simulated waveforms. 
 
 
 
Appendix 
Circuit parameters as per AS 62271.110[2] 
Circuit Parameters Supply Circuit 
A  
Supply Circuit 
B 
Source voltage 6.6 kV 6.6 kV 
Starting current  100A 100A 
 300A 300A 
Power factor ≤ 0.2 ≤ 0.2 
Supply capacitance 0.044 µF 1.6 µF 
Related power of short circuit 
source 
20 MVA 20 MVA 
Bus inductance  2 µH 2 µH 
Cable constants:   
Rated voltage 6.6 kV 6.6 kV 
Type XLPE XLPE 
Surge Impedance 45 Ω 45 Ω 
Length of cable 100m 100m 
Inductance 143 mH 143 mH 
Capacitance 20 nF 20 nF 
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Cable R=0.115 Ω/km, L=2.34 mH/km, C=0.636 µF/km 
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